Study objectives: Therapeutic drug monitoring (TDM) is the process of obtaining the serum concentration of a medication and modifying the dose based on the results. Little is known about the application of TDM in the treatment of patients with multidrug-resistant (MDR) tuberculosis (TB) in clinical practice. This study characterized how TDM was applied in the management of MDR TB patients, and examined the clinical indications for ordering TDM, the process for obtaining drug concentrations, and the clinician response to the drug concentrations. Design: In a retrospective study, we compared the clinical and demographic characteristics of MDR TB patients who received TDM with those who did not. The clinical application of TDM also was described in patients who received TDM. Setting: A municipal TB control program. Patients or participants: Patients in whom TB was diagnosed that was caused by an isolate resistant to at least isoniazid and rifampin, and who received treatment for TB in one of the health department chest clinics between July 1, 1993, and August 31, 1997, were studied. Results: Forty-nine patients receiving TDM had a longer time to culture conversion and treatment duration, more pulmonary TB in combination with an extrapulmonary site, drug resistance, and visits to the health department clinics (p < 0.05) than the 60 patients without TDM. Of the 49 patients who had initial TDM, 73.5% of them had the reason for being tested specified. A total of 85.7% of initial TDM results were collected at the appropriate time of blood sampling. Clinician response to TDM results varied with the drug that was being tested. Conclusions: The use of TDM depended largely on the patient's clinical presentation. Sitespecific guidelines on the use of TDM for managing TB patients may maximize the benefit of TDM.
T herapeutic drug monitoring (TDM) is the process of obtaining the serum concentration of a medication and modifying the dose based on the results to optimize its therapeutic benefits, while minimizing its risk for side effects or toxicity. 1 Drug concentration monitoring has been accepted with widespread use for medications such as digoxin,
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lithium, theophylline, and aminoglycosides. However, TDM has not been used routinely in the management of patients with tuberculosis (TB) because most TB patients are treated with standard doses of the first-line medications and have high cure rates with infrequent toxicity. 2, 3 It has been shown, 4 however, that among a small group of patients with a poor response to therapy, some have low serum drug concentrations, suggesting that these low concentra-tions may contribute to the 2 to 5% of patients with adverse outcomes such as clinical failure or relapse.
TB disease with organisms that are resistant, at least to isoniazid and rifampin (ie, multidrug resistance) was a major contributor to the recent TB epidemic in New York City. 5 In both the 1991 and the 1992 national surveys, 61% of cases with multidrug-resistant (MDR) TB were reported from New York City. 6 The treatment of MDR TB requires the use of second-line medications that are less effective, have more frequent side effects, have a more narrow therapeutic/toxic effect ratio, and require longer durations of treatment than disease caused by drug-susceptible organisms. 7 In 1994, TDM became available for the management of MDR TB patients in the New York City Department of Health Chest Clinics. While TDM has been suggested as a useful tool in the management of patients with MDR TB, 1,8 -10 little has been published on how this tool has been applied in clinical practice. Studies in patients with TB caused by an organism that was susceptible to all first-line anti-TB agents have shown a dose-response relationship between the dosage administered and the response to treatment and relapse rate after treatment completion. 3 Therefore, monitoring serum drug concentrations presumably could be important in the treatment of patients with MDR TB. The present study was performed to describe the actual use of TDM, not its pharmacokinetic value, in the management of MDR TB patients in the setting of a municipal TB control program. Specifically, we compared the clinical and demographic characteristics of MDR TB patients who received TDM with those who did not, and described the clinical indications for ordering TDM, the processes for obtaining drug concentrations, and the clinician response to the drug concentrations.
Materials and Methods

Study Population
This was a descriptive study to describe the use of TDM among MDR TB patients who were treated in 1 of 10 chest clinics in the Bureau of Tuberculosis Control, New York City Department of Health and Mental Hygiene (BTBC) between July 1, 1993, and August 31, 1997. In order to ensure that patients had sufficient opportunity for TDM, patients with MDR TB were included if they had at least five medical visits to a BTBC clinic within 12 months of the first positive culture result. Patients who ever received TDM in a BTBC chest clinic during TB treatment were classified as TDM patients, and those who never received TDM were classified as non-TDM patients.
Measurement of TDM
The procedures for obtaining TDM were the same in all chest clinics. Patients were instructed to arrive at the clinic in the morning. They were not given specific instructions for eating requirements or restrictions. The prescribed anti-TB medications were taken under direct observation. Patients were asked to stay at the clinic until the process was completed, although this was not enforced. An appropriate time of blood sampling was defined if blood was drawn 2 h after the observed dose for oral and injected medications, except for para-aminosalicylic acid (PAS), which was administered in a granular form, and a postdose concentration was obtained 4 to 6 h after administration of the drug. All blood samples were centrifuged within 60 min. Serum was placed in a labeled polypropylene tube (Cryovial; Federal Industries Corp; Plymouth, MN), which was frozen and sent the following day on ice to the New York City Bureau of Laboratories, Mycobacteriology Laboratory, and was immediately placed in a Ϫ70°C freezer. The sample was frozen overnight, then was packed in dry ice and shipped to Infectious Disease Pharmacokinetics Laboratory, at National Jewish Medical and Research Center (Denver, CO). Results of the TDM were faxed and mailed back to the originating chest clinic.
Data Collection
Data were obtained through reviews of the clinic medical record and also from the TB case registry. The results were transferred to a standard questionnaire that had been designed for the study. The data extracted included demographic, clinical, bacteriologic, and pharmacologic information. The data included the patients' height and weight, the number of clinical visits, the site of TB disease, symptoms at the time of presentation, other prescribed medications, other medical conditions, HIV status, tobacco and alcohol history, radiograph results, clinical specimen smear and culture result pattern, drug susceptibility, TB drug regimen at the time of testing, the actual time that the dose was received, the actual times that the blood was drawn for TDM, the names of the drugs tested, and the daily doses for tested drugs. Weight and height were abstracted from the patient's medical chart, and body mass index (BMI) was calculated as weight/height squared (in kilograms per square meter). The TDM results were abstracted from a report form that had been received from the National Jewish Medical and Research Center. If a TDM report could not be found in the patient's record, the result was obtained directly from National Jewish Medical and Research Center.
Definitions
Drug susceptibility testing for most cases was performed by standard methodology at the mycobacteriology laboratory of the health department. 11 The duration of appropriate treatment was defined as the time from the start of therapy with at least two drugs to which the organism was susceptible until the last treatment date. Gaps in treatment of Ͼ 1 month were excluded from the calculation of the duration of treatment. Culture conversion was defined as two negative culture results Ն 1 month apart with no subsequent positive culture results for 6 months. Time to culture conversion, therefore, was defined as the period from the date that appropriate treatment started to the date that culture conversion occurred.
Statistical Analysis
Demographic and clinical characteristics of patients who ever received TDM were compared to those who never received TDM during the course of treatment. In univariate analysis, the Pearson 2 test was used for the comparison of proportions. The Fisher exact test was used when one cell had an expected frequency of less than five. The Student t test was used to compare means, and the Wilcoxon rank-sum test was used to compare medians. A two-sided p value of Ͻ 0.05 was regarded as being statistically significant. A statistical software package (SAS, release 7; SAS Institute; Cary, NC) was used for data analysis. This study was approved by the Institutional Review Board at the New York City Department of Health and Mental Hygiene, and the Centers for Disease Control and Prevention.
Results
One hundred twenty-three patients met the study criteria, and 109 patients (89%) had medical charts available for review. There were no significant differences in demographic characteristics between patients with charts available for review and those that were not reviewed except for ethnicity. Patients whose charts were not available were more likely to be Hispanic.
Forty-nine of 109 patients (45%) received TDM during the course of treatment in Department of Health chest clinics. Compared with 60 non-TDM patients (Table 1) , there were no significant differences in age, sex, country of origin, or race, but TDM patients had a greater BMI. In a univariate analysis of clinical characteristics (Table 2) , TDM patients had a greater number of isolates with first-line drug resistance (4.1 vs 3.6 drugs, respectively; p Ͻ 0.01), a longer mean duration of treatment (24 vs 22 months, respectively; p ϭ 0.04), more months receiving an injectable medication (9 vs 7 months, respectively; p ϭ 0.04), and longer time to culture conversion (1.7 vs 1.0 months, respectively; p ϭ 0.04) than did non-TDM patients. TDM patients were more likely to have both pulmonary and extrapulmonary disease (20% vs 2%, respectively; p Ͻ 0.01), and to have undergone a surgical procedure as part of the TB management (12% vs 2%, respectively; p ϭ 0.04). Having TDM was not associated with HIV status, receiving directly observed therapy, the occurrence of adverse effects, or having cavitary lesions on a chest radiograph. TDM use also was not associated with TB symptoms at diagnosis, the duration of symptoms, prior history of liver, renal or GI disease, and the results of the sputum smear (data not shown).
In a multivariate model that included the site of disease, the time to culture conversion, and the number of isolates with first-line drug resistance, patients with both pulmonary and extrapulmonary TB were 9.5 times more likely to have TDM performed than patients with pulmonary TB only (95% confidence interval [CI], 1.09 to 83.7). The time to culture conversion (adjusted odds ratio, 1.1; 95% CI, 0.9 to 1.2), and number of first-line drugs to which organisms were resistant (adjusted odds ratio, 1.4; 95% CI, 0.9 to 2.2) did not remain significantly associated with the use of TDM. The other variables that were statistically significant in univariate analysis were not included in the multivariate analysis because of collinearity with other variables that were included in the model.
The most common reason for ordering the initial TDM was routine drug assessment (31%), followed by unstated/unknown reasons (27%), lack of clinical response to treatment (22%), and GI complaints or other adverse reaction (16%) [ Table 3 ]. Among those patients receiving a second TDM, the most common reason was to follow-up on the first TDM concentrations or a new regimen (45%), followed by routine drug assessment (19%) and unstated/unknown reasons (16%). Ten percent of second TDMs were ordered because clinicians questioned the accuracy of the initial TDM. In the three second TDMs that were performed to verify the first TDM, five drugs were retested, and three of the five drugs were concordant with the repeat concentrations. The other two drugs, which had a lower than normal concentration in the first TDM, had normal concentrations on the second TDM. The reasons for ordering three or more TDMs were similar to the ones for ordering the second TDM.
Among TDM patients, 42 (86%) had their initial drug concentrations obtained within the appropriate time of blood sampling (Table 4) . Subsequent drug concentrations, however, demonstrated a wide range of appropriate blood sampling times (63 to 88%). The average number of drugs tested initially was 3.0, and subsequent TDMs averaged 1.6 to 2.5 drugs tested. The median number of weeks between consecutive TDMs was Ն 9 weeks (range, 0 to 110.9 weeks).
Of the 42 patients who had their first TDM specimen collected at the appropriate time for sampling, the most commonly tested drugs were cycloserine (23 patients), ethionamide (21 patients), the fluoroquinolones ofloxacin and ciprofloxacin (22 and 13 patients, respectively), ethambutol (12 pa- tients), and pyrazinamide (12 patients) [ Table 5 ]. Of these drugs, more than half of the drug concentrations for ofloxacin, ethionamide, and ethambutol were found to be below the normal range at 2-h postdose, and the clinician's response to these low concentrations was to increase the dose, proportionately more so compared to other drugs with low concentrations. Less than half of the drug concentrations for cycloserine and ciprofloxacin were below the normal range at 2-h postdose, but the overwhelming clinician response to low concentrations of cycloserine was to order a second TDM, rather than increasing the dose or discontinuing the drug. Only two concentrations were obtained for streptomycin, and both were below the normal range. Only one concentration each was taken for all other anti-TB drugs, which are not listed in Table 5 . All were within their respective normal ranges. Relatively fewer drugs had higher than normal drug concentrations, with cycloserine having the most higher-thannormal drug concentrations (six concentrations) followed by ofloxacin (three concentrations). Of these concentrations, half of the cycloserine dosages and two thirds of the ofloxacin dosages were adjusted by lowering the doses by treating physicians. The time between the blood collection date of HIV-positive patients were more likely to have a higher proportion of concentrations for ofloxacin and ethionamide that were lower than the normal range of serum concentrations, compared to HIV-negative patients (ofloxacin, 86% vs 39%, respectively [p ϭ 0.07]; and ethionamide, 83% vs 43%, respectively [p ϭ 0.15]). However, the differences were not statistically significant.
Discussion
The use of TDM for managing patients with MDR TB has been recommended in our program for all MDR TB patients, but only 45% of the patients in this study had TDM performed in the course of treatment during the study period. For the most part, the reasons for or against performing TDM were not recorded in the medical charts. Possible reasons for clinicians to not use TDM for all MDR TB patients include the following: (1) the patient already was receiving the highest dose that the clinician was comfortable prescribing, and the drugs to which the isolate was susceptible were limited, thus, low serum drug concentration would not be helpful in guiding a decision on increasing medication dosage; (2) the patient was responding to therapy, and the culture remained negative; and (3) there was limited exposure to TDM management and the interpretation of results. Thus, TDM was used for patient management on a case-by-case basis. However, one cannot assume that the ordering of TDM Table 5 was solely dependent on patient factors alone and not on physicians' preference or practice. In this study, the use of TDM was more common in patients with a longer length of treatment and time to culture conversion, more severe disease, as reflected in the greater number of first-line drugs to which the Mycobacterium tuberculosis isolates were resistant, concomitant pulmonary and extrapulmonary disease, and undergoing surgical procedures. These findings are not consistent with those of a metaanalysis 12 of 247 studies conducted between 1974 and 1994 on TDM intervention for conditions other than TB, and outcome measures revealed that TDM reduced adverse reactions, mortality rates, and length of stay when compared to those of non-TDM patients. However, a study 13 on using gentamicin TDM for burn patients with Gram-negative septicemia revealed a longer mean length of infection and length of hospital stay in those with TDM compared to those without. It was theorized that TDM increased the survival of patients with severe burns. 13, 14 It appears from our data that TDM was used in the patients with more complicated and advanced TB disease, which was probably appropriate. Another possibility is that the duration of therapy for the TDM group might have been prolonged by the lack of dosage modification or the lack of using TDM to monitor the optimal serum concentrations of TB drugs by treating physicians.
Most initial TDM was ordered with a specific reason or as a routine part of the care, and blood samples were collected within a required time frame in this study, indicating an appropriate application of TDM among patients with MDR TB in the TB control setting. However, while 86% of initial TDMs were collected at the appropriate time of blood sampling, subsequent collections showed a great degree of time variability (63 to 88% of the blood sampling times were appropriate). This has a direct effect on the clinician's ability to interpret the test accurately and contributes to increased costs due to the need for retesting. While the reasons why certain blood samples were drawn outside the appropriate time frame are unknown, possible reasons include inaccurate documentation of the time of drug administration and serum concentrations, and patients not returning to the clinic at the appropriate time for drug concentration determination, especially for drug concentrations collected 6 h after the dose was ingested. Furthermore, lack of clinician knowledge on TDM procedures also may have played a crucial role in the inappropriate time of collection. For example, 13 of 17 PAS drug concentrations were collected at 2 h after the dose was administered rather than at the recommended time of 4 to 6 h after the dose was administered for the granular form of the drug, which has a peak serum concentration at 4 to 6 h compared to that of the tablet form (peak concentration, 2 h). 10 Clinicians may have been unclear on the distinction between the pharmacokinetic properties of the two drug formulations and unwittingly ordered serum drug concentrations at the incorrect time.
Consistent with the findings of a recent study by Ray et al, 15 not all clinicians in this study responded to low serum drug concentrations by increasing the dosages. Of all the drugs with low concentrations, clinicians tended to increase the dosages of ethambutol and ofloxacin, but not those of cycloserine and ethionamide. While the reasons for adjusting a particular drug dose often were not documented, the possible reasons for increasing the dosage of ofloxacin include superior activity at higher doses (ie, dose-related response), superior response in the treatment of MDR TB, and fewer significant adverse reaction. 16 For ethambutol, clinicians may have decided to increase the dosage, in the absence of ocular toxicity, since it is a relatively weak anti-TB drug. 10 Also, there is some evidence of higher activity at higher doses of ethambutol. 17 In not increasing the dosages of cycloserine and ethionamide immediately, clinicians may have been more concerned about adverse side effects and tolerance of these drugs. 10 While knowing the clinical benefit of TDM on patients, the cost-effectiveness of TDM for TB patients, especially for patients with MDR TB, is also important to understand. Inappropriate indications for ordering TDM can be costly. 18 Reviews of studies on TDM cost-effectiveness 14, 19, 20 generally have shown TDM to be cost-effective, but these studies were limited by insufficient sample size and duration, lack of patient-centered outcomes (ie, cure rate and adverse reaction rate) or economic outcomes, and lack of adequate controls. In general, TDM was suggested to be the most cost-effective when it was used selectively on patients who meet certain criteria, on drugs with specific and costly toxicities or narrow therapeutic ranges, 17, 21, 22 and in cooperation with an established pharmacokinetic service. 14, 22 There were a number of limitations in our study. First, the nature of the retrospective study design did not enable us to examine why certain individuals did not get TDM although they were receiving the same drugs or had similar clinical conditions as those who received TDM. Second, we could not assess whether low serum drug concentrations were associated with worse clinical outcomes because of the nature of the study design and the small number of patients who had received TDM. Third, we used concentrations that were obtained at 2 h after ingestion as an approximation of the maximum concentration based on the proposed normal range. 8 If the time to reach maximum concentration was significantly longer in patients with MDR TB than in patients with suscep-tible strains, our concentrations could have been underestimated. National Jewish Medical and Research Center recommends collecting a second sample 4 h after the first, to rule out delayed absorption. Fourth, when conducting TDM, patients were not given specific instructions for eating requirements or restrictions, because we wanted to determine drug concentrations under routine clinical conditions. The potential impact of food (specifically, the diminished absorption of some drugs) for measuring specific drug concentrations may have occurred. It is known that isoniazid and rifampin may have drug concentrations lowered by food ingestion prior to drug ingestion, 23, 24 and the second-line medications have not been studied as closely. However, it was expected that the impact would be insignificant clinically. Finally, the information on the rationale behind ordering tests and the response to the drug concentrations by physicians was limited by lack of specific documentation.
While the current guidelines for treatment of TB by the American Thoracic Society, the Centers for Disease Control and Prevention, and the Infectious Diseases Society of America 25 recommend the use of TDM in the management of patients with MDR TB with second-line drugs, our experience with TDM in MDR TB patients reflects the way in which TDM was actually used in a TB control program setting and may be useful for other programs making decisions about its use. The results of our study demonstrate areas in the TDM process where changes might be made to make its use cost-effective. Several quality-management areas have been suggested by others, 18 such as clinical indications for testing, the timing and collection of specimens, the performance of analysis, the interpretation of the results, the initiation of appropriate action, and the impact of patient care. Based on our experience, TDM for patients with TB should be used when there is clinical suspicion of toxicity from potentially high doses, when there is suspicion of treatment failure from doses that may be too low, or when results will be used to guide the dosing of the medications to achieve the recommended concentration because the therapeutic/toxic ratio is narrow for many drugs. Samples should be collected 2 h postingestion for most anti-TB medications, and all TDM results should be documented clearly in the medical records, including the interpretation of the results and the action taken for patient management.
